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Continuous fluorinated amorphous carbon (a-C :F) films doped with nitrogen (a-C :F :N) were deposited by plasma enhanced chemical vapor
deposition using CF4 and C2H2 gases as precursors with the addition of N2 gas. The surface morphologies, chemical compositions, deposition
rates, thermal stability and mechanical properties of these films varied with the deposition parameters, including CF4 and N2 feed gas
concentrations, processing pressure, plasma power and substrate temperature. With increasing N2 feed gas concentration, the nitrogen content of
the a-C :F :N films increased to about 6 at.% and contributed to higher mechanical properties. After thermal annealing, the a-C :F films with higher
fluorine contents exhibited more obvious fluorine release and extensive film thickness shrinkage, whereas the a-C:F :N films with higher contents
of nitrogen doping yielded less composition variations, smaller thickness shrinkages, higher mechanical properties, and conclusively better
thermal stability.
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Due to the important issue of serious resistance–capacitance
delay in the generation of sub-0.13 Am integrated circuits (ICs)
[1,2], low-dielectric-constant (low-k) materials have been
widely developed as inter-metal dielectrics (IMD) to replace
conventional SiO2 of higher k values [3–16]. Organic
polymers, such as the famous benzocyclobutene and Flarei,
are the materials firstly developed with dielectric constants of
below 3.0 [3–6]. Other methods like porous film deposition
(Silica Xerogel and Aerogel, Porous SiLKi) have been further
developed to reduce k values to below 2.2 [7–9]. Afterward,
porous methyl silsesquioxane-based low-k films with low-k
values around 2.2, high thermal stability, favorable mechanical
properties and high reliability have been comprehensively
investigated [10–13]. Besides, silicon oxide-based low-k
materials such as SiOC(–H) containing alkyl groups (like
famous BDi) have also attracted much attention as appropri-0040-6090/$ - see front matter D 2005 Elsevier B.V. All rights reserved.
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E-mail address: sjlin@mse.nthu.edu.tw (S.-J. Lin).ate IMD materials because of their high thermal and
mechanical stability, and low-k values attributed by the
abundant nano-voids in the films [14–16]. Although numerous
low-k materials have been developed in the past decade,
however, only few among them thoroughly fit the strict
requirements for IC qualification and still need modification.
Fluorinated amorphous carbon (a-C :F) has been also
investigated as a low-k dielectric material [17–23]. Such a-
C:F films have low dielectric constants of only about 2.2,
which are easily obtained by adjusting the fluorine / carbon (F /
C) ratio of the films [17,18]. Additionally, the a-C :F films can
be processed by well-developed plasma-enhanced chemical
vapor deposition (PECVD) using precursor gases CxFy and
CxHy [19–23]. The PECVD process offers the advantages of
high deposition rate, uniform film thickness, homogeneous
film composition, good step coverage and good compatibility
with other semiconductor equipment. It has thus become the
most popular technique for dielectric deposition [24]. However,
although the k values of the a-C :F low-k materials are far
below that of conventional SiO2, the capacity of such films to
fulfill the strict requirements for physical, chemical, electrical2006) 125 – 133
ww
Fig. 1. AFM 2D surface morphologies of as-deposited a-C:F and a-C:F :N
films: (a) a-C :F film deposited with a CF4 gas concentration of 0.97 at a
chamber pressure of 110 mTorr, an RF power of 35 W and a substrate
temperature of 50 -C; (b) a-C :F :N film deposited with a CF4 gas concentration
of 0.9 and an N2 gas concentration of 0.3 at 250 mTorr, 250 W and 50 -C.
C.-H. Lai et al. / Thin Solid Films 510 (2006) 125–133126and integral certification still needs to be improved. Especially,
their disadvantages of low thermal stability and mechanical
strength detrimentally affect the reliability of IC devices and
limit their applicability in the generation of sub-0.13 Am ICs
[3].
Nitrogen has been doped into a-C :F films to obtain a-C :F :N
films by adding N2 as one of the precursor gases [25–28]. The
chemical compositions and structures of the nitrogen-doped a-
C:F :N films varied with the amount of nitrogen addition.
However, some of the important properties of the a-C :F :N films
like their thermal stability and mechanical properties have not
been clarified. Accordingly, this research investigate the
characteristics of the nitrogen-doped a-C :F :N low-k films and
evaluate their applicability in microelectronics industry or even
some other industries like electronic packaging in the future. The
a-C :F :N films were deposited using PECVD and cheap, non-
toxic CF4 and C2H2 precursors with the addition of N2 gas.
Various deposition parameters, including CF4 and N2 feed gas
concentrations, processing pressure, plasma and substrate
temperature were adjusted to yield a-C :F :N films with more
suitable properties. The deposition rate, chemical composition,
and physical and mechanical characteristics of the deposited a-
C :F and a-C :F :N films were examined, and the effect of
nitrogen addition on the properties was analyzed. Besides, the
properties of the a-C :F and a-C :F :N films after thermal
annealing were investigated to elucidate the film stability under
thermal history.
2. Experimental procedures
Plasma-enhanced chemical vapor deposition, using a
parallel-plate, radio-frequency (RF, 13.56 MHz) plasma gen-
erator with a distance of 5 cm between the two electrodes, was
used to deposit a-C :F and a-C :F :N films at a base pressure of
1106 Torr. Pre-cleaned p-type <100> 200-mm silicon
wafers with the native oxide removed were used as substrates.
For the deposition of a-C :F films, a cheap and non-toxic CF4
gas with a purity of 99.999% was adopted as a precursor,
accompanied by a C2H2 reducing gas with a purity of 99.9%.
The CF4 gas concentration in the mixed feed gases was defined
as CF4 / (CF4+C2H2) ratio, RCH4, and the total flow of the
mixed feed gases was controlled at 100 sccm using mass-flow
controllers. An additional flow of N2 gas with a purity of
99.99% was applied for nitrogen doping to obtain the a-C :F :N
films under the controlled flow of the mixed CF4 and C2H2
feed gases of 100 sccm. The N2 gas concentration in the mixed
feed gases was defined as N2 / (CF4+C2H2+N2) ratio, RN2.
Various deposition parameters, including CF4 and N2 gas
concentrations in the mixed feed gases, processing pressure,
plasma power and substrate temperature, were adjusted to
investigate their effects on the properties of the deposited films.
Thermal annealing was applied to the deposited films at 200
and 400 -C in an Ar atmosphere for 30 min to verify the
thermal stability of the films.
A scanning electron microscope (SEM, HITACHI S4000)
was used to observe the surface morphologies and cross-
sectional microstructures of the deposited a-C :F and a-C :F :Nfilms, and to measure the film thickness through the cross-
sectional observation. The surface morphologies and roughness
of the deposited films were examined by atomic force
microscopy (AFM, Digital Instrument NS3a Controller with
D3100 Stage) in a tapping mode. Variable-angle X-ray
photoelectron spectroscopy (XPS, Physical Electronics
PHI1600, 15 kV, 250 W) with an Al (1486.6 eV) /Mg
(1253.6 eV) dual-anode X-ray source, a 10–360 spherical
capacitor analyzer and a multi-channel detector was employed
to evaluate the chemical compositions of the deposited a-C :F
and a-C :F :N films with an accuracy of 1%. Before XPS
measurement, the surfaces of the films were cleaned by argon
(Ar) plasma sputtering (3 kV, 25 nA) for 30 s, and then the XPS
was operated under a vacuum <4108 Torr, an Ar pressure
of 3103 Pa, without charge compensation. The element
contents, including C, F and N, were determined using The
Shirley Convention Method and Bonding Spectrum Curve
Fitting with a constant full width half maximum (FWHM) of
2 eV and a Gaussian to Lorentzian ratio (G/L) of 20 /80
[20,29,30]. A spectroscopic ellipsometer (AutoEL-III) in
reflection, using an He–Ne laser with a wavelength of
632.6 nm, was used to measure the thickness and refractive
index (R.I., n) of the films. The thickness of the deposited films
was in the range between 1 to 1.5 Am, and the thickness values
measured by ellipsometer and cross-sectional microscopy were
comparable with an average difference of 6%. The dielectric
constants were measured on a metal–insulator–semiconductor
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Fig. 2. XPS multiplex analyses and curve fittings of C1s spectra of a-C :F films
deposited with different CF4 gas concentrations of (a) 0.85 and (b) 0.97 at a
chamber pressure of 110 mTorr, an RF power of 35 W and a substrate
temperature of 50 -C.
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Fig. 3. Effect of CF4 gas concentration on the (a) bonding states and (b) F content
and deposition rate of a-C :F films deposited at a chamber pressure of 110 mTorr,
an RF power of 35 Wand a substrate temperature of 50 -C. The F contents were
determined using XPS multiplex analyses and curve fitting [20,29,30].
C.-H. Lai et al. / Thin Solid Films 510 (2006) 125–133 127structure with sputtered aluminum electrodes at 1 MHz by
using an HP4284A CV meter. For the measurement of
dielectric constant, the films with thickness of 100 to 300 nm
were used. The hardnesses and elastic moduli of the a-C :F and
a-C :F :N films were measured by a CSEM Nano Hardness
Tester with a Berkovich diamond indenter. The indentation
depths were controlled at one tenth of the film thicknesses to
prevent substrate effect. Silicon cantilever beams of
40.4 cm2, 140 Am thick were deposited with the a-C :F
and a-C :F :N films for stress measurement. Beam curvatures
before and after film deposition and thermal annealing were
measured using a laser ellipsometer to calculate the residual
stress of the films and the stress variation after thermal
annealing at 400 -C for 30 min.
3. Results and discussion
3.1. Surface morphologies and chemical compositions
Fig. 1 shows the AFM 2D surface morphologies of as-
deposited a-C :F and a-C :F :N films. As shown in Fig. 1 (a), acontinuous a-C :F film with a smooth surface and low surface
roughness of only 0.7 nm was obtained by PECVD with a CF4
gas concentration of 0.97 at a chamber pressure of 110 mTorr,
an RF power of 35 W and a substrate temperature of 50 -C,
under a low deposition rate of 13.7 nm/min. Plasma polymer-
ization was conducted by the random deposition of free ligends
and fragments such as CFx and F, so the a-C :F films were
generated with flat and featureless microstructures, rather than
the granular structures formed by nucleation, grain growth and
coalescence [20,21]. However, large clusters shown in Fig. 1
(b), like those caused by rapid vapor-phase deposition using a
C3F6 or C2F3H precursor [20], were observed on the surface of
the a-C :F :N film deposited with a CF4 gas concentration of
0.9 and an N2 gas concentration of 0.3 at a chamber pressure of
250 mTorr, an RF power of 250 W and a substrate temperature
of 50 -C. The a-C :F :N film with nitrogen doping exhibited a
high surface roughness of about 6 nm due to the high
deposition rate of about 140 nm/min, and the clustering
became much more serious, with sizes up to a few micrometers
under SEM observation, as the processing pressure increased to
350 mTorr. More reacting molecules present in the deposition
chamber at higher processing pressures agglomerated to larger
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Fig. 4. Effect of N2 gas concentration on the (a) element contents and (b)
deposition rate of a-C :F :N films deposited with a CF4 gas concentration of
0.95 at a chamber pressure of 110 mTorr, an RF power of 50 W and a substrate
temperature of 50 -C. The element contents were determined using XPS
multiplex analyses and curve fitting [20,29,30].
Fig. 5. AFM 2D surface morphologies of a-C :F and a-C:F :N films afte
thermal annealing at 400 -C for 30 min: (a) a-C :F film deposited with a CF4
gas concentration of 0.97 at a chamber pressure of 110 mTorr, an RF power o
35 W and a substrate temperature of 50 -C; (b) a-C :F :N film deposited with a
CF4 concentration of 0.9 and an N2 gas concentration of 0.3 at 250 mTorr
250 W and 50 -C.
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C :F :N films up to several hundred nm/min, resulting in the
extremely rough film surfaces [27]. Moreover, the addition of
nitrogen with three free bonds promoted its easier polymeri-
zation with CFx free ligends and thus led to the formation of
much larger clusters [27].
Fig. 2 shows the representative XPS C1s spectra of a-C :F
films deposited with CF4 gas concentrations of 0.85 and 0.97 at a
chamber pressure of 110 mTorr, an RF power of 35 W and a
substrate temperature of 50 -C. With different CF4 feed gas
concentrations, these deposited a-C :F films exhibited different
spectrum features which were composed of various bonding,
including C–C (284.7 eV), C*–CFn (286.9 eV), C–F
(288.1 eV), C*F–CFn (289.7 eV), C–F2 (291.4 eV) and C–
F3 (293.7 eV) according to XPS multiplex analyses and curve
fittings [29,30]. For the spectrum of the a-C :F film deposited
with a CF4 gas concentration of 0.85, the curve fitting was
specially performed with a FWHM of 1.4 eV because the film
was more like a polyethylene structure [20]. As plotted in Fig. 3(a), this film was composed mainly of C–C/C*–CFn (96.4%)
bond, whereas the film with a high CF4 feed gas concentration of
0.97 exhibited more C–F/C*F–CFn (13%) and C–F2/C–F3
(6%) bonds. Simply, a higher CF4 concentration during
deposition, causing more F atoms to be added as dopants in
the films, conducted more prevalent termination of C–C bonds
by the F atoms and more formation of C-to-F bonding.
Corresponding to the increased amount of C-to-F bonding, the
F content incorporated in the deposited a-C :F films increased
from 6 to 23 at.% with increasing CF4 feed gas concentration
from 0.85 to 0.97 as shown in Fig. 3 (b). The large F content of
23 at.% doped in the deposited a-C :F film consequently
suppressed the refractive index of the film to 1.36 and
contributed a low dielectric constant of 2.41. At the same time
with increasing CF4 feed gas concentration, more high-energy
radicals for film growth were present in the plasma atmosphere
and then increased the deposition rate of the a-C :F film as also
shown in Fig. 3 (b) [21,31]. However, when the CF4 gas
concentration exceeded 0.95, the small amount of C2H2 did not
suffice to react and consume ample F free ligends which would
then etch the deposited films and consume CFx free ligends to
form volatile CxFy [21,31]. The deposition rate reached an
ultimate value of about 18 nm/min and then dropped drastically.
With the application of N2 gas to the precursor gases,
nitrogen was obviously doped into the deposited films. Fig. 4
(a) shows the element contents of C, F, and N in the a-C :F :N
films deposited with different N2 gas concentrations under ar
f
,
C.-H. Lai et al. / Thin Solid Films 510 (2006) 125–133 129constant CF4 gas concentration of 0.95 at a chamber pressure
of 110 mTorr, RF powers of 50 and 100 W, and a substrate
temperature of 50 -C. The element contents were determined
using XPS multiplex analyses and curve fitting [20,29,30]. The
incorporated N content in the a-C :F :N films proportionally
increased to about 6 at.% with N2 gas concentration to 0.4.
However, C content also increased from about 70 to 82 at.%,
and contrarily F content decreased from about 30 at.% down to
only 12 at.%. The doping of N and the decrease of the F
content in the deposited a-C :F film then raised the refractive
index and dielectric constant to 1.60 and 3.75, respectively.
With the addition of N2 gas, not only the concentration of N
free ligends in plasma atmosphere varied, but also the amounts
of CFx, F and H were influenced, leading to the changes in the
chemical compositions of the deposited a-C :F :N films. A
higher plasma power was expected to break more strong N‘N
bond of N2 gas [32] and thus led to a higher N content in the
deposited a-C :F :N films. However, the plasma power was still
insufficient so that N content reached a maximum value of only
6 at.%, but not a saturation value of 13 at.% as reported by
Endo and Tatsumi [25]. In addition, as the N2 feed gas280 285 290 295
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Fig. 6. XPS multiplex analyses and curve fittings of C1s spectra of a-C:F films deposit
power of 25Wand different substrate temperatures: 50 -C (a) before and (b) after thermaconcentration increased, the deposition rate was reduced from
20 down to 7.3 nm/min as shown in Fig. 4 (b) [21,31].
3.2. Thermal stability
Fig. 5 shows the AFM 2D surface morphologies of a-C :F
and a-C :F :N films after thermal annealing at 400 -C for 30 min.
Compared to Fig. 1 (a), although the a-C :F film deposited with a
CF4 gas concentration of 0.97 at a chamber pressure of
110 mTorr, an RF power of 35 W and a substrate temperature
of 50 -C had the same small surface roughness of only 0.7 nm
after thermal annealing, the surface morphology shown in Fig. 5
(a) exhibited some differences. A loose surface with locally
concave basins was observed, implying some degree of dis-
sociation of volatile species and degradation of the a-C :F film
during thermal annealing [25,33,34]. In contrast, the surface
morphology of the a-C :F :N film deposited with a CF4 gas
concentration of 0.9 and an N2 gas concentration of 0.3 at a
chamber pressure of 250 mTorr, an RF power of 250 W and a
substrate temperature of 50 -C after thermal annealing shown in
Fig. 5 (b) was similar to that before annealing shown in Fig. 1experimental data
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ed with a CF4 gas concentration of 0.94 at a chamber pressure of 85 mTorr, an RF
l annealing at 400 -C for 30 min; 125 -C (c) before and (d) after thermal annealing.
Table 1
Bonding states and F contents of a-C :F films deposited with a CF4 gas concentration of 0.94 at a chamber pressure of 85 mTorr, an RF power of 25 W and different
substrate temperatures, before and after thermal annealing at 400 -C in an Ar atmosphere for 30 min
Substrate temperature C–C (%) C*–CFn (%) C–F (%) C*F–CFn (%) C–F2 (%) C–F3 (%) F content (at.%)
50 -C As-deposited 43 16 14 12 10 5 39
Annealed 85 9 3 3 0 0 6
125 -C As-deposited 67 6 10 6 6 5 31
Annealed 60 18 11 8 3 0 20
The F contents were determined using XPS multiplex analyses and curve fitting [20,29,30].
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Fig. 7. (a) F contents and (b) normalized film thickness of a-C :F films
deposited with different CF4 gas concentrations at a chamber pressure o
110 mTorr, an RF power of 35 W and a substrate temperature of 50 -C before
and after thermal annealing at 200 and 400 -C for 30 min. The F contents were
determined using XPS multiplex analyses and curve fitting [20,29,30].
C.-H. Lai et al. / Thin Solid Films 510 (2006) 125–133130(b). Large clusters were still observed on the surface, while the
surface roughness slightly decreased from 6 to 3 nm, indicating
the effect of thermal annealing on film planarization to a certain
extent.
After thermal annealing, the XPS spectra of a-C :F films
obviously changed as shown in Fig. 6. The C1s spectrum of the
a-C :F film deposited with a CF4 gas concentration of 0.94 at a
chamber pressure of 85 mTorr, an RF power of 25 W and a
substrate temperature of 50 -C was composed mainly of C–F
(14%) and C–F2 (10%) bonding before annealing, as listed in
Table 1. The F contents were determined using XPS multiplex
analyses and curve fitting [20,29,30]. However after annealing,
the amounts of C–F and C–F2 bonding drastically dropped to
only 3% and 0%, respectively, and C–C bonding (85%)
became dominant in the film. The large changes in bonding
states might be attributed to the evaporation of volatile CFx
species and F atoms from the film at a high temperature during
thermal annealing [25,33,34]. In comparison, during deposition
at a higher temperature of 125 -C, the evaporation of some of
the volatile species from the films had already occurred,
accompanied by more difficult adsorption of CFx with more F
atoms [29], resulting in the formation of a more stable film with
less amounts of C–F and C–F2 bonding. Therefore after
thermal annealing, the bonding states did not change as rapidly
as that in the film deposited at 50 -C. However, the amount of
C–F2 bonding still dropped from 5% to only 1% due to the
dissociation of F atoms from the CFx species under which the
C–F bonding contrarily increased from 10% to 11%. Since the
substrate temperature has an obvious effect on the thermal
stability of the films, further inquiry is interesting to pursue.
Corresponding to the changes in the C-to-F bonding, the F
contents in the a-C :F films deposited with different CF4 concen-
trations at a chamber pressure of 110 mTorr, an RF power of 35
W and a substrate temperature of 50 -C after thermal annealing
were plotted in Fig. 7 (a) using XPS multiplex analyses and
curve fitting [20,29,30]. The incorporated F contents decreased
after thermal annealing, especially severely at 400 -C for the
films deposited with high CF4 feed gas concentrations, indica-
ting the poor thermal stability of these films at high temperatures
though these films might possess low dielectric constants which
would then detrimentally rise due to the loss of C-to-F bonding
[25]. The abundant dissociation and evaporation of volatile
species from the a-C :F films subsequently resulted in large film
thickness reduction during thermal annealing. As shown in Fig.
7 (b), these films deposited with high CF4 gas concentrations ex-
hibited poor thermal stability with very large thickness shrink-
ages up to 60% after thermal annealing at 400 -C for 30 min.In comparison with a-C :F films, the a-C :F :N films
deposited with different CF4 and mixed N2 feed gas concen-
trations as listed in Table 2, under the same processing
conditions of a chamber pressure of 250 mTorr, an RF power
of 250 W and a substrate temperature of 50 -C, exhibited
relatively good thermal stability. As shown in Fig. 8 (a) to (c),
the F and C contents of specimen A, the a-C :F film deposited
with a CF4 concentration of 0.9 and without nitrogen doping,
varied for about 8 at.% after thermal annealing at 400 -C for
30 min according to XPS multiplex analyses and curve fittingf
Table 2
Parameters of gas flow concentrations for the deposition of a-C :F and a-
C:F :N films deposited at a chamber pressure of 250 mTorr, an RF power of
250 W and a substrate temperature of 50 -C
Specimen CF4 (sccm) C2H2 (sccm) N2 (sccm) RCH4 RN2
A 90 10 0 0.9 0
B 90 10 42 0.9 0.3
C 95 5 42 0.95 0.3
C.-H. Lai et al. / Thin Solid Films 510 (2006) 125–133 131[20,29,30], whereas those of specimen B, the a-C :F :N film
doped using an N2 gas concentration of 0.3, remained almost
constant. Even specimen C, the a-C :F :N film deposited with a
high CF4 concentration of 0.95 and doped using an N2 gas
concentration of 0.3, also possessed the same levels of F and C
contents, revealing the better thermal stability of the a-C :F :N
films attributed to a higher degree of cross-linked structure by
the doping of three-bond nitrogen [35,36]. The nitrogen doping
and bonding would further reduce the evaporation of volatile
species from the films and consequently inhibit film thickness
reduction during thermal annealing. As plotted in Fig. 8 (d), the
specimen B doped with an N2 gas concentration of 0.3
exhibited a much smaller film thickness shrinkage of only
ignorable 2% than the specimen A, without nitrogen doping, of
12%. Even for the specimen C deposited with a higher CF40
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chamber pressure of 250 mTorr, an RF power of 50 W and a substrate temperature o
before and after thermal annealing at 400 -C for 30 min. The element contents weconcentration of 0.95 and doped by the addition of N2 feed gas,
the film thickness shrinkage was still controlled at less than
20%. The doping of the three-bond nitrogen was expected to
contribute the a-C :F :N films with more cross-linked structures
and thus enhanced the thermal stability of the films [21,35,36].
3.3. Mechanical properties and residual stresses
As shown in Fig. 9, specimen A, the a-C :F films deposited
with a CF4 concentration of 0.9 at a chamber pressure of
250 mTorr, an RF power of 250 W and a substrate temperature
of 50 -C, exhibited very low hardness and elastic modulus of
only 242 MPa and 7.5 GPa, respectively, using nanoindenta-
tion tests. It is believed that the a-C :F films deposited with
high CF4 feed gas concentrations and without nitrogen doping
had poor mechanical properties due to their loose structures
which were constructed mostly of C–F bonds with many
structural defects because F atoms terminated the cross-linking
of the films [21,35,36]. However, specimen C, the a-C :F :N
films deposited with a CF4 concentration of 0.95 and an
additional N2 feed gas under the same processing conditions of
a chamber pressure of 250 mTorr, an RF power of 250 W and a
substrate temperature of 50 -C, exhibited much higher
mechanical properties of a hardness of 484 MPa and a modulusas deposited
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Fig. 9. (a) Hardnesses and elastic moduli, and (b) residual compressive
stresses of a-C :F and a-C:F :N films deposited with different CF4 and N2 gas
concentrations at a chamber pressure of 250 mTorr, an RF power of 250 W
and a substrate temperature of 50 -C (gas flow concentrations of specimens
A, B and C as listed in Table 2) before and after thermal annealing at 400 -C
for 30 min.
C.-H. Lai et al. / Thin Solid Films 510 (2006) 125–133132of 11.5 GPa. More three-dimensionally cross-linked networks
of covalent C–N bonds were expected to construct the films by
the doping of three-bond nitrogen, thus enhancing the
mechanical performance of the a-C :F :N films [26–36]. After
thermal annealing, the mechanical properties of both specimens
dropped due to the breaking of some bonds and the evaporation
of volatile species, which resulted in loose structures [37].
However, the mechanical properties of the specimen C were
still much higher than those of the specimen A because of its
more cross-linked structures.
During cooling down from high temperatures after deposi-
tion, residual stresses built up in the a-C :F and a-C :F :N films
due to the mismatch in the coefficients of thermal expansion
between these films and silicon substrate [38]. Associated with
strong plasma bombardment, large internal compressive
stresses were also established in these films. Larger residual
stresses existed in stronger and stiffer films because of the
capability of these films to sustain higher stresses and not to
yield [38]. Thus as shown in Fig. 9, large residual stresses of
about 130 MPa were measured in the a-C :F :N films, speci-
mens B and C, attributed to more cross-linked network
structures constructed by covalent C–N bonds, whereas only
a small residual stress of 30 MPa existed in the a-C :F film,specimen A, due to the loose structure of the film. After
thermal annealing, the breaking of bonds and the evaporation
of volatile species released part of the residual stresses. Similar
to the mechanical properties, larger residual stresses still
remained in the a-C :F :N films because of the stronger and
stiffer cross-linked structures of the films.
4. Conclusions
The a-C :F films and nitrogen-doped a-C :F :N films were
deposited by plasma enhanced chemical vapor deposition using
CF4 and C2H2 gases as precursors with the addition of N2 gas.
The chemical compositions, deposition rates, thermal stability
and mechanical properties of these films varied with the
deposition parameters, including CF4 and N2 feed gas
concentrations, processing pressure, plasma power and sub-
strate temperature. With increasing CF4 and N2 feed gas
concentrations, the F and N contents of the a-C :F and a-
C:F :N films increased to about 25 and 6 at.%, respectively.
The a-C :F film with a high F content had a low refractive
index of 1.36, which was expected to reach a low high-
frequency dielectric constant of only about 1.85. With the
addition of nitrogen, the a-C :F :N films exhibited larger
surface roughness but better thermal stability and mechanical
properties. Obvious fluorine release and extensive film
thickness shrinkage occurred in the a-C :F films containing
higher fluorine contents after thermal annealing, whereas the a-
C :F :N films with higher contents of nitrogen doping yielded
less composition variations, smaller thickness shrinkages, and
better mechanical properties and thermal stability because of
their cross-linked structures.References
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